There exist growing demands for robust, reliable, low-cost and easy-to-use sensor systems capable of performing multiparameter analysis for biomedical diagnostics. We have recently demonstrated a particularly economic approach to analyze large arrays of microring resonator (MRR) sensor elements coupled to a single bus waveguide. The sensor elements can be individually functionalized to specifically promote the accumulation of target molecules. The binding of target molecules to the surface of a particular MRR results in a resonance displacement to longer wavelengths, which can be measured with high accuracy. In order to measure the response of the individual MRR from an array to external stimuli, we employ a special frequency modulation scheme in which each MRR is independently modulated and phase sensitive lock-in detection is used to filter the respective frequency component from the superimposed complex transmission spectrum of the bus waveguide. We fabricated test arrays comprising up to 12 MRR coupled to a single bus waveguide. A silicon nitride based material system was chosen to fabricate the devices. Each element of an array is equipped with a platinum heater electrode for thermo-optical modulation. A clear readout of the individual MRR resonance frequencies was possible by employing the modulation scheme above. Furthermore, we demonstrated a bulk refractive index sensitivity of 190 nm/RIU for a frequency modulated MRR. With our first results, we point out the large potential for multiplexed label-free detection of diverse bio molecular compounds. Due to the miniaturization of the multisensor arrays the realization of portable sensor systems will be feasible.
Introduction
During the last decades integrated optical sensors have been extensively investigated [1] . They exhibit extraordinary sensitivity in biochemical analysis [2] and feature the potential for mass production on wafer-level and ease of fabrication. Therefore, they are suitable to satisfy growing demands for robust, reliable, low-cost and easy-to-use sensor systems capable of performing multi-parameter analysis for diagnostics. Most detection schemes operate label-free, thereby reducing costs and excluding all adverse effects that may be introduced by fluorescent, enzymatic or radioactive labels. Furthermore, strong miniaturization allows for high level integration of complex sensor functions into portable and low cost handheld devices for point-of-care applications. Microring resonators (MRR) are one of the most promising classes of transducers in miniaturized integrated optical sensors [3] [4] [5] . However, little effort has been made so far to address issues related to cross-sensitivity. In order to reliably identify different target molecules or biomarkers and to minimize false positives, assay tests including functionalized binding sites as well as reference and control elements with a preferably high level of redundancy are needed. In addition, many applications require the simultaneous detection of a certain group of target molecules making multiparameter analysis in highly multiplexed sensor configurations necessary. Furthermore, many applications in medical diagnostics require large dynamical ranges of the sensor systems. During an acute phase response the cardiovascular risk biomarker C-reactive protein (CRP) increases by factors of up to 10 000 in human serum [6] . In general, concentrations of proteins in human blood plasma can vary over up to 11 orders of magnitude [7] . With the appropriate multiplexing scheme, integrated optical sensors based on MRR can become high value assets in applied research as well as commercial sensor applications. We believe that the multiplexing scheme [8] presented in the following will achieve this goal.
Methods
The novel optical sensor platform is based on arrays of individually frequency-tagged integrated optical MRR fed by a single bus waveguide. Analyte detection is usually based on the measurement of shifts in resonance frequency caused by local changes in the ambient refractive index. A biologically or chemically selective adlayer is used to specifically promote the accumulation of target molecules on the MRR's surface. This leads to an increase of the local refractive index proportional to the analyte concentration. Highly sensitive and label-free detection of molecular species with concentrations down to the ppb-level has been demonstrated in gaseous environments [9] . Specificity can be accomplished by applying multiparameter analysis of different MRR functionalized with, e.g., antibodies exhibiting different binding affinities to a certain target substance.
Concept
Resonances of the MRR appear in the transmission spectrum as dips resulting from destructive interference. Suf-ficiently far from resonance light passes the coupling section between bus waveguide and MRR almost unaffected. Therefore, multiple MRR can be coupled to a common bus waveguide. Resonances belonging to different resonance orders are spectrally separated by the free spectral range (FSR). The spectral window defined by the FSR together with the linewidth of the resonances determines the theoretical maximum of MRR that can be fed by the same bus waveguide without significant spectral overlap between their resonances. In this context, a suitable figure of merit is the finesse of a resonator defined as the quotient of FSR and linewidth. Values of over 100 for the finesse have been reported in literature [10] . Unavoidable fabrication tolerances lead to an uncertainty in the exact resonance frequencies of a fabricated device. Therefore, even with a number of MRR far smaller than the theoretical maximum spectral overlap becomes a challenge.
Figure 1
Simulated resonance dips of two exemplary MRR with similar resonance frequencies (red and blue lines). If the two MRR are coupled to the same bus waveguide the overlapping resonance profiles lead to the shaded transmission spectrum. The dashed green line represents the calculated and normalized lock-in signal for the MRR with the red resonance profile being modulated. The signals are plotted against the wavelength difference with respect to the resonance frequency of the modulated MRR.
In Fig. 1 the blue and red curves depict the resonance dips of two independent MRR having similar resonance frequencies. If coupled to the same bus waveguide the spectra superimpose resulting in the shaded transmission spectrum. The tracking of individual resonance frequencies becomes unfeasible. The dashed green curve in Fig. 1 shows the lock-in signal of the shaded spectrum. This signal can be obtained by modulating the MRR with a certain frequency by applying an appropriate alternating current to heating electrodes. More details about this modulation technique and the phase-sensitive read-out via the lock-in method and Fourier analysis, respectively, can be found elsewhere [11] . Individual MRR, each of which transducing the signal of a well-defined target species, may be tagged sequentially with the same frequency or in parallel using a distinct modulation frequency for each MRR. In the latter scheme the difference between modulation frequencies has to be chosen larger than the inverse of the integration time of the lock-in algorithm in order to be able to accurately resolve each spectral contribution. It should also be noted that in order to avoid higher orders of modulation frequencies to disturb the signals, the particular frequencies should be carefully chosen.
Design and Fabrication
The MRR arrays presented here are composed of 12 MRR evanescently coupled to a single bus waveguide. With the underlying multiplexing scheme we target sensor applications involving hundreds of MRR. All MRR are equipped with individual heating electrodes for thermo-optic modulation. Figure 2 shows fabricated test structures in three different levels of magnification. A part of a wafer can be seen in the background of the figure. The lower inset shows a microscope image of an exemplary MRR with metal electrodes for thermal modulation. In the scanning electron microscopy (SEM) image in the upper inset a detailed view on waveguide and metal strip is given. 
Results
The proposed modulation scheme for the tracking of resonance wavelengths in multi-MRR transmission spectra was recently demonstrated by applying subsequent modulation to the MRR [11] . Figure 3 shows the results of modulating all 12 MRR of a 12-MRR array in parallel by applying a distinct modulation frequency to each MRR. The colored traces correspond to the absolute values of the signal amplitudes at all 12 modulation frequencies recorded for each wavelength step of the laser scan. For comparison also the unmodulated transmission spectrum highlighted in grey is shown at the top of the figure.
As expected, dips in the signals of the modulated MRR mark the resonances and the contributions of all individual MRR can be clearly distinguished in the case of subsequent as well as in the case of parallel modulation. The spectra of the modulated MRR are redshifted compared to the unmodulated spectra. This is induced by the heating of the MRR due to the applied modulation power. A Polydimethylsiloxane (PDMS) Flow-Cell was mounted on top of the MRR-Chip to perform salt and glucose concentration measurements. Deionized water and two different concentrations of glucose diluted in deionized water were used for the first measurements.
Figure 4
Response of a modulated MRR to changes in glucose concentration of an aqueous solution flowing over the MRR Chip. The resonance response at wavelength is plotted over the measurement time. Figure 4 shows the response of a modulated MRR to changes in the glucose concentration of the solution that was passing by the MRR. The spread of data points for constant value of glucose concentration is consistent with the scan resolution of 10 pm since we do not apply any curve fitting algorithm at this point to improve on the resolution. However, there is a slow drift of the resonance frequencies over the measurement time which we address to settling of glucose onto the MRR surface. The measured wavelength shifts from DI water to 1.25 % glucose and from DI water to 2.5 % glucose are approximately 260 pm and 540 pm. We used an effective medium approximation [12] to calculate the refractive index of the respective glucose solutions. A sensitivity of 190 nm/RIU was determined by a line fit to the data. A similar measurement was performed by tracking the shift of the resonances of an unmodulated MRR with slightly smaller waveguide width due to different concentrations of NaCl diluted in DI water. This measurement was performed over a wide wavelength range between 1490 nm and 1650 nm. The result is shown in Fig. 5 . As expected, the sensitivity increases with increasing wavelength due to the larger evanescent field and lower group index at higher wavelengths. Also shown is a linear fit to the sensitivity data together with the 95% confidence intervals for the predicted responses of single observations. The green dot represents the value measured for the sensitivity of the modulated MRR. This value of 190 nm/RIU at a wavelength of about 1581 nm differs by only 5 % from the value of 200 nm/RIU obtained for the unmodulated MRR at that wavelength. The error bar indicates twice the standard error obtained from the line fit. The confidence intervals overlap slightly. Taking into account small differences in device dimensions we find reasonable agreement between both values.
Conclusion
We presented a sensor platform based on individually frequency-tagged integrated optical microring resonator arrays. We have reviewed a first experimental proof of concept on a recently proposed simple, efficient and reliable scheme for the tracking of resonance frequencies in transmission spectra originating from a multiple of MRR coupled to a single bus waveguide.
We have applied the modulation scheme to monitor the response of a single MRR being part of a larger 12-MRRarray to different concentrations of glucose diluted in deionized water. A bulk refractive index sensitivity of 190 nm/RIU was determined. We found reasonable agreement between the obtained values for the bulk refractive index sensitivity of this particular MRR with the value obtained for a similar unmodulated single-MRR.
With our results we pointed out the large potential for multiplexed label-free detection of diverse biomolecular compounds. Due to the miniaturization of the multisensor arrays and development of compact electronics the realization of handheld sensor systems will be feasible. Further experiments will focus on parallel sensing using all sensor MRR at the same time. This will also enable to compensate for drifts of resonance frequencies due to changes in the environment.
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